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ABSTRACT OF THESIS

DECONVOLUTION TOOLS FOR EXTRACTING INSIGHT
FROM CHALLENGING TWO-FLAVIN SYSTEMS
Flavoproteins have long been explored for their ubiquity among a number of
metabolic and energetic reactions. The flavin cofactor has the inherent benefit of distinct
spectral changes associated with redox transitions; however, the double-edged sword is
incurred as these distinct signatures overlap and take up much of the UV-vis spectral range.
Therefore, it is crucial to create a method to demarcate the expressed redox transitions for
studying these systems. The first portion of these studies discusses the creation of a
program that deduces spectra for redox transitions in a single-flavin containing model
protein: flavodoxin. The latter portions discuss the application of the program in a much
more challenging diflavin system (Rhodopseudomonas palustris ETF) for a variety of
experiments, including separating spectral contributions from individual flavins and
studying an intriguing feature, possibly associated with a conformational change. Together,
these demonstrate the program’s ability to increase the insight obtainable from a variety of
experiments.
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Bifurcation
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CHAPTER 1. FLAVINS AND THEIR INHERENT CHALLENGES
1.1

Flavins
Since their discovery in the 1930s, flavins have long been an ideal candidate for

studying metabolic and energetic reactions.1-3 Flavins are redox-active coenzymes that
implement a variety of chemistries amongst flavoenzymes, such as oxidases, reductases,
dehydrogenases, and many others. Their omnipresence throughout biology is a testament
to their versatility and importance in many different mechanisms and organisms. These
coenzymes are typically tightly yet noncovalently bound to their enzymes and undergo
two half reactions: an initial reduction and a subsequent re-oxidation.4,5 Differing by the
R group, which branches off of the N10 position, the most common flavins include flavin
mononucleotide (FMN) with a ribose and phosphate group and flavin adenine dinucleotide
(FAD) with an adenosine monophosphate bound as well (Figure 1.1).
Flavoenzymes take advantage of the isoalloxazine ring structure’s inherent
versatility to catalyze an array of reactions. Old Yellow Enzyme was the first flavoprotein
discovered,6,7 and the field has only continued to grow, with new discoveries on the
diversity and effectiveness of flavins’ redox properties in catalysis. Flavoenzymes are
included in many different families and their respective reactions, extending from single
flavin containing flavodoxin (Fld)8 through hydrogenases to drug metabolism by the
diflavin Cytochrome P450 Reductase.9
Flavins derive their versatility from the isoalloxazine ring, which allows them to
undergo both 1- and 2-electron chemistry; thus, their uniqueness and utility is clear
compared to other redox-active coenzymes, which specialize in two-electron (e.g.
NAD(P)H hydride transfer) or one-electron (e.g. FeII/FeIII) transfers.4 As such, flavins
1

form a semiquinone state after the oxidized flavin acquires a single electron. The flavin
can become either the anionic semiquinone (ASQ) with the radical concentrated on N5 or
neutral semiquinone (NSQ) with the radical concentrated more on C4a (Figure 1.2). Upon
gaining an additional electron, the flavin transitions from the semiquinone state to the
fully-reduced hydroquinone (HQ) or HQ anion. Though flavins generally possess a redox
potential around E°’ = -208 mV,10 this value can change significantly within the range of
-450 to +60 mV, depending on the identity of the reaction it describes, the
microenvironment, and the demands of the enzyme to perform catalysis.4
One noted benefit of studying flavins lies in their distinctive absorption bands,
formed at different redox states (Figure 1.3). The fact that a mere single electron can result
in a complete change in their optical spectrum allows easy tracking of the progress of redox
reactions and thereby catalysis of a number of flavoenzymes. This feature, along with their
ubiquity, are the major reasons why flavins and flavoenzymes are among the most wellstudied enzymes.

1.2

Flavin-Based Electron Bifurcation
Electron bifurcation has recently been acknowledged as the third mechanism of

energy conservation that biology employs.13-15 The discovery of electron bifurcation
stemmed from recognition that prokaryotes were able to catalyze unfavorable, endergonic
reactions without the use of ATP or electrochemical potentials (e.g. H+ gradients).13
Electron bifurcation is the nonadiabatic process of coupling an endergonic and exergonic
reduction by bifurcating two electrons from a hydride electron pair, with one going to a
low potential acceptor and the other to a high potential acceptor. This process was first
proposed in cytochrome bc1 nearly 50 years ago16 and has since been applied to a number
2

of different systems, all with the benefit that electron bifurcation is less energetically
expensive than using ATP or electrochemical gradients yet enables endergonic reactions.
As flavins are poised to undergo both 1- and 2-electron chemistry, they are an ideal cofactor
for this process.
Flavin-based electron bifurcation (FBEB) was first suggested to explain how
NADH (E° = -320 mV) appeared able to reduce ferrodoxin (E = -410 mV), an unfavorable
and seemingly impossible reaction. In 2008, Buckel and colleagues found that the reaction
was able to occur in Clostridium kluyveri upon coupling the otherwise endergonic reaction
with a very exergonic reaction: NADH-based reduction of crotonyl CoA to butyryl CoA
(E = -10 mV).18 Since then, a number of studies have reported similar FBEB mechanisms
in various bacterial and archaeal systems, suggesting that biology has long utilized the
flavin’s versatility as an efficient means to drive otherwise unfavorable endergonic
reductions.
Thus far, certain conditions have been hypothesized as requirements for bifurcation
to occur.19 Firstly, bifurcation can only occur if there’s a cofactor present to receive highenergy electrons from a cofactor such as NAD(P)H. Examples of these electron carriers
often used are iron-sulfur clusters and flavins. Secondly, the reduction potentials of
oxidized quinone/semiquinone (Q/SQ) and semiquinone/hydroquinone (SQ/HQ) couples
need to be “crossed,” meaning the reduction potential of the single-electron OX/SQ couple
is more negative than that of the SQ/HQ couple. The resulting free energy landscape creates
an up/down or down/down mechanism. In this mechanism, removal of a single electron
from the hydroquinone state for the exergonic reduction creates a high energy semiquinone,
now with greater reducing power and thereby poised to undergo the endergonic oxidation.

3

If the reduction potentials weren’t crossed, a single-electron semiquinone species would
be present and relatively stable, which isn’t seen in bifurcating flavins. This energy
landscape ensures the reaction will go in the forward direction and will possess 1:1
branching ratio, meaning a single electron is transferred to each substrate—both imperative
for electron bifurcation to occur.
Electron bifurcation further requires the ability of the enzyme to control the electron
transfer pathway. One mechanism lies in the aforementioned energy landscape, provided
by the crossed potentials, which will push the reaction to bifurcate the electrons to two
different, single-electron acceptors. Additionally, conformational gating employs
relatively large domain movements to bring the flavin within a distance in which electron
transfer may occur (≤ 14 Å, in accordance with Dutton’s Ruler20,21). For example, in
cytochrome bc1, a large conformational change moves the flavin between electron transfer
steps, ensuring only a single electron is transferred at a time.

1.3

The Double-Edged Sword of Flavins
As stated, flavins produce distinct optical signatures as they transition between

various redox states. Although this is a notable benefit, therein lies the challenge: the
different spectra for different redox states overlap, all falling in the range of 300-600 nm
(i.e. UV-vis range). Furthermore, it’s been well-documented that the environment
surrounding the flavin cofactors, specifically electrostatic interactions with nearby amino
acids and hydrogen bonding, causes subtle spectral changes in each species.22-24 The
overlap, therefore, poses the challenge that in order to track the progression of the reaction,
one needs a method for deconvoluting the spectrum from each species. Furthermore, any

4

method for deconvolution must be malleable enough to take into account any spectral
shifts, produced by nearby amino acids, especially if mutant studies are performed.
A number of methods have been used for deconvoluting spectra. Notably, single
value decomposition (SVD)25 is a powerful tool, which uses linear algebra for isolating
individual components of spectra and has shown promise in a number of software;
although, just as any tool, there are limitations. In the case of SVD, data obtained from
titrations are weighted to increase the signal-to-noise ratio and then fit to a particular
model, typically the Nernst equation for potentiometric or the Henderson-Hasselbach
equation for pH titrations. Furthermore, redox titrations could, potentially, fit to a kinetic
model via differential equations, yet this remains computationally expensive and manually
laborious to make assumptions that may not be completely accurate.

1.4

Research Overview
The method employed by our program uses the difference spectra to isolate

individual redox changes and plots the amplitude versus step or time, depending on the
given experiment, to follow “phases” of the reaction. Using Python, a programming
language commonly used for data analysis, the calculations are iterated over all selected
wavelengths, minimizing the time and attention required by the user. The program
maintains malleability by allowing the user to retain control over the analysis (e.g.
selecting key wavelengths and ranges, which define phases). These qualities are a crucial
improvement from what’s been presented in the current literature, as this gives the user
the ability to identify spectra, associated with different redox states, in one or two flavincontaining systems.

5

OH

HO

N

N

N

NH2

O
N
O

O
P

O
O

O
P

O
O

FAD
OH

HO

FMN

OH

8

9

N10

9a

10a

N1

O
2
3

7
6

Riboflavin
(Vitamin B2)

5a

N5

4a

4

NH

O

Figure 1.1: Structure of oxidized flavin mononucleotide (FMN) with isoalloxazine ring,
riboflavin-5’-monophosphate and flavin adenine dinucleotide (FAD) with an additional
phosphate and adenine.

6

R
N10

R
N

N10

O

H
N

NH

O

NH

N
H

N
H
O

O

Neutral Hydroquinone (HQ)

Neutral Semiquinone (NSQ)
R
N10

N

O

C8
NH

pKa = 8.3

H+

pKa = 6.7

H+

N5
O

Oxidized (OX)
R
N10

R
N

O

N10

N

NH
N5

O

NH
N
H

O

Anionic Semiquinone (ASQ)

O

Anionic Hydroquinone (AHQ)

Figure 1.2: Redox states of flavins. Note the importance of the isoalloxazine ring in redox
catalysis of flavoenzymes for transitions to the semiquinone and hydroquinone species.

7

OX

ASQ

HQ

NSQ

16

ε (mM⁻¹cm⁻¹)

12

8

4

0

300

350

400

450

500

550

600

650

700

Wavelength (nm)
Figure 1.3: Overlapping flavin spectra as a result of transitions from fully oxidized, singleelectron reduced (SQ), and fully reduced (HQ) species. The double-edged sword of flavin
studies is evident by the benefit of distinct spectra, associated with these differences, met
with the inherent challenge of overlap between them and their occupancy of much of the
UV-vis region.27

8

CHAPTER 2. ESTABLISHING TOOL FOR DECONVOLUTING FLAVIN SPECTRA
VIA FLAVODOXIN1
2.1

Flavodoxin
Flavodoxin is a small flavoprotein, containing a single FMN. The general

mechanism of action is a 1-electron transfer at either one of the uncrossed potentials:
E°'Ox/SQ = -150 mV, at least 200 mV more positive than E°'SQ/HQ = -400 mV. Thus, addition
of electrons to the oxidized FMN gives the neutral semiquinone species until the potential
drops below -270 mV, when the hydroquinone species begins to build up.28,29
Bifurcating flavoenzymes typically couple high potential reactions to the lowpotential reduction ferrodoxin. For example, crotonyl CoA reduction is able to drive
reduction of ferrodoxin. In the ETF FixABCX complex, pairs of electrons from NADH
(E°' = -320 mV) are bifurcated by the FAD in FixA, which couples the endergonic
reduction of flavodoxin semiquinone (E = -420 mV) (Equation 2.1)30 to the exergonic
(high-E°') reduction of ubiquinone (E = +90 mV).

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐. 𝟏

2NADH + Q + 2Fld!" → 2NAD# + QH$ + 2Fld&
%"

ΔG° = −60 kJ/mol

As one of the biggest challenges presented by bifurcating ETFs is their distinct, but
overlapping flavin spectra, flavodoxin was selected as the model protein, containing only
a single flavin: flavin mononucleotide (FMN). Therefore, spectra of flavodoxin were used
as a test case for a computer program designed to deconvolute the signals of different flavin

1

Data from the equilibrium titration of flavodoxin, presented in this chapter, are courtesy of T. Varner31

9

redox states and quantify them. This is demonstrated below for the case of an equilibrium
titration with sodium dithionite (NaDT).

2.2

Sodium Dithionite Reduction of Flavodoxin
An abbreviated method for the sodium dithionite titration of Rhodopseudomonas

palustris (R. pal) flavodoxin is provided in Miller et al, 2018.31

2.3

Method for Analysis of Flavodoxin Titration
The data, collected from the equilibrium titration, are imported into a dataframe and

plotted for identification of key wavelengths. In the case of flavoproteins, the wavelengths
tend to range between 300-800 nm (Figure 1.3). Since different spectrophotometers may
vary in regard to which wavelengths are used, simple slicing of the dataset would vary;
therefore, a qgrid widget is implemented for the user to control the selection more
precisely. The semiquinone state that forms in flavodoxin is the blue neutral semiquinone;
the key maxima are found at 352, 454, and 552 nm (Figure 2.1). The user is prompted to
perform an optional baseline correction, typically using wavelengths at which no species
absorbs: 800-820 nm.
It is important to note these wavelengths, as different trends in their respective
amplitudes characterize different chemical events, allowing the amplitudes to be used to
identify different “phases” in a multistep process— successive formation and consumption
of the redox states that exist. For example, the amplitude at 352 nm increases with
formation of NSQ from OX and decreases as NSQ converts to HQ, while the amplitude at
454 nm decreases with each step of the reduction. Furthermore, the isosbestic points act as
a reference, since their amplitudes remain constant so long as a given reaction only is
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occurring. Isosbestics also work as a reference for the final deconvoluted spectra, since if
the analysis is performed correctly, the isosbestics should remain at the same wavelength.
A major challenge that accrues in the later parts of the analysis stems from insufficient data
density, as a minimum of three points are needed to test for linearity, and more are better.
For the most precise calculations, a larger number of spectra collected is preferred.
Once diagnostic wavelengths are chosen, the amplitudes (i.e. absorbances) at those
wavelengths are plotted against the volume of titrant or time interval, depending on the
type of experiment (Figure 2.2). The numerical method is sufficiently versatile that it is
applicable to various types of experiment, but it remains essential that there be numerous
spectra taken in the course of the experiment. Figure 2.2 shows the changes in amplitude
at any given wavelength—in this case, at 352 nm—reporting on the changing
concentrations of reactant, intermediate, and product, resulting from the redox reactions
taking place. The user is asked to select the linear portions (“Phases”) of the plot. These
phases define intervals during which the changes are dominated by a single reaction
converting one oxidation state to another. To identify linear regimes, the second derivative
is plotted, which gives the user an idea of which points constitute the most linear portion
of the phase (second derivative = 0). It is imperative that only the linear portions of the plot
are selected, as the nonlinear or curved portions are indicative of overlapping phases, where
three redox species are present. The next step assumes only a single reaction occurs in each
phase; therefore, if there are two reactions occurring, this assumption is no longer valid.
The slopes of these linear regions are calculated to find the point of intersection. At
this point, the reaction is considered to reach a theoretical peak amplitude in that the
reaction would be considered to have formed the maximum amount of a first species but
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not begun consuming it to form the next. For example, phase one consists of Ox à SQ, so
if the reaction were to go completely to SQ before any HQ is formed then the actual
amplitude would be the same as the theoretical amplitude (i.e. the calculated population
would be 100%). If a nonlinear portion of the phase is selected to calculate the theoretical
peak, the amount of any given redox species will be over or underestimated and the
calculated population of each redox species will be invalid.
The final step is to divide the last amplitude from the last point of the phase divided
by the theoretical amplitude (i.e. point of intersection) to find the percentage of species
accrued over the course of the reaction. This quantification gives the user an idea of how
much of each species was created throughout the reactions and can thereby be useful in
determining which species are present and to what extent the flavin was reduced.

The spectrum of each redox species is, then, calculated using the difference spectra
of each phase and the calculated population of each species. The difference spectra allow
us to discern the nature of the change, which occurs within each phase. In the example
shown in Figure 2.2, the first phase was defined from steps 5 through 17; therefore, taking
the difference of spectrum 17 – spectrum 5, we can see the change from the overall spectra,
associated with the conversion from fully oxidized species to semiquinone. Using Equation
2.2a,b, the difference spectrum is divided by the population (“Pop1”), determined
previously, to correct for the fact the SQ species begins creating HQ before all possible SQ
is formed. Adding the fully oxidized spectrum back will result in a deduced or calculated
semiquinone spectrum. A similar method is used to calculate the deduced hydroquinone
species from the calculated SQ.
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Equation 2.2a

Pure SQ Spectrum = Ox + (Phase 1 Diff)/Pop1

Equation 2.2b

Pure HQ Spectrum = SQ + (Phase 2 Diff)/Pop2

These deduced spectra are then passed through a moving average Fast Fourier
Transform (FFT), which converts the time-dependent data to a frequency domain (or an
energy domain, equivalently) and back to a time domain. This removes any high-frequency
noise present in the plot to get a clean spectrum of each species. For example, the divot
near 590 nm is traceable to too small a sample volume. Figure 2.4 shows the deduced
spectra before (Figure 2.4A) and after (Figure 2.4B) the FFT filter is used, showing
minimal change to the overall analysis by keeping the integrity of the actual spectra and
only flattening any noise present. Both plots are given by the program, so the user is able
to compare and ensure no significant changes were made upon filtering the data.

2.4

Potential Pitfalls
Several pitfalls are inherent in the analysis but can be diagnosed in the final

calculated spectrum of each redox species. For example, Figure 2.5 shows the presence of
residual SQ species in the HQ spectrum, indicated by the events between 500-650, where
the spectrum mimics the preceding SQ species rather than approaching the baseline as in
the last spectrum of the dataset, shown in Figure 2.1. Recall the calculations for each
subsequent species is based on the preceding species (Equation 2.2a,b); therefore, if the
previous species is over or underestimated, the following species will show clear signs of
this as well. In this case, the NSQ spectrum appears similar to the full spectrum; however,
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the amount present is overestimated, indicated by the non-linear portion included in Figure
2.5. This is clear from the calculation of forming 94% NSQ yet only 88% NSQ is actually
formed. Therefore, calculating the HQ species will overestimate the presence of NSQ, so
the NSQ species between 500-650 will remain. This, also, demonstrates that slight
variations in partitioning the phases can result in significant changes. A simple fix is to
redefine the phases so as not to overextend the NSQ population. In this case, Phase 1
doesn’t end at 22, as in Figure 2.5, but rather ends at step 17. However, using the last
spectrum as a control against which to compare predictions, provides a test of consistency.
Similarly, if the selected phases don’t encompass the entire phase, the calculation
will underestimate the total amount of each redox species present. In Figure 2.6, only
portions of the full phases are selected to undergo the analysis, resulting in 86% and 70%,
corresponding to formation of NSQ and HQ, respectively. The actual analysis gave
populations of 88% and 73%. The resulting pure spectra show minimal changes between
the original oxidized species, semiquinone, and hydroquinone, suggesting this
underestimation of each species and is therefore invalid.
The major limitation, encompassing all of the aforementioned pitfalls, of this
analysis is a dependence on high data density. A greater number of spectra in each phase
makes the delineation of phases more noticeable and gives more data to calculate a slope
for the linear portion and thereby a more precise calculation of population for each species.
It is key to include as many steps or data points at each wavelength as possible for the best
demarcation of phases and thereby more accurate calculations. Isosbestics provide a
complementary indicator of the purity of individual phases.
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The above simple model adopted is valid only when individual sequential reactions
can be assumed, so the tests for linearity, and isosbestics, are crucial. More elaborate
chemically informed models can be coded, exploiting information on reactant
stoichiometries, rate constants, ambient potentials or more. However, the above turns out
to be a very informative first-pass and valuable reality check, as the spectra it yields inform
on the nature of the steps occurring. This information is needed in order to construct
chemically-informed models. Later chapters develop examples, demonstrating how this
approach can be customized to address different questions.
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Full Spectra

• PP: Greater data density
ensures better analysis

Amplitude vs Time

Partition Phases

• PP: If nonlinear portion
is chosen, 3 species
exists instead of 2.

Slope of Linear
Portion

Calculate Point of
Intersection

• PP: If linear portion isn't
chosen, the theoretical
maximum population
will be incorrect

Subtract
Amplitudes by Base

Divide
actual/theoretical

Figure 2.1: Schematic showing the sequential steps, performed by the program. Potential
Pitfalls (PP) are noted at specific steps along with their consequences. The major limitation
that creates many of these pitfalls is a paltry data density.
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Figure 2.2: Full spectra of flavodoxin sodium dithionite titration. Maxima are defined at
352, 378, 450, and 542 nm. The growth at 352 and 542 nm with the proportional diminution
at 450 and 378 nm is indicative of the OxàNSQ transition. Subsequent decrease in 378,
452, and 542 nm represents the NSQàHQ transition. Data are courtesy of T. Varner.31
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OxàNSQ

NSQàHQ

ET
→ ET
OX
NSQ

ET
→ ET
NSQ
HQ

0.875

0.780

~87.5%

~78.0%

Figure 2.3: Plotting absorbance at 352 nm against the step (i.e. volume of sodium dithionite
titrant in this case) shows the phases, defined by linear portions. Here, Phase 1 is defined
as steps 6-17 and Phase 2 steps 23-36. The slopes of the linear portions (dotted green line)
help define the theoretical maximum transition at the point of intersection (Abs = 0.57 in
the above example).
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A

B

Figure 2.4: Deduced spectra of sodium dithionite titration of flavodoxin. (A) deduced
spectra from calculations. The calculations resulted in populations of 88% and 73% for
OxàNSQ and NSQàHQ, respectively. (B) deduced spectra after FFT filter. Note the FFT
filter doesn’t remove any important characteristics, rather it only removes high frequencies
for a smoother plot.
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A

B

Figure 2.5: Potential Pitfall 1 – Overestimation of Phase 1. (A) Phase 1 is defined by steps
4-20 and Phase 2 is 22-36. This results in noticeable residual NSQ in the red (HQ) spectrum
(B), defined by Pop1 being 0.947799 and Pop2 being 0.847564.
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A

B

Figure 2.6: Potential Pitfall 2 – Underestimation of both phases. Since minimal amounts of
Phase 1 are represented (A), the final calculations will result in only variations of OX
instead of advancing to NSQ and HQ (B), described by the calculated populations:
Pop1=0.86169 and Pop2=0.704503.
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CHAPTER 3. DEMARCATING AND QAUANTIFYING INDIVIDUAL FLAVIN IN
R. PALUSTRIS BF-ETF2
3.1

Introduction
3.1.1

Bifurcating Electron Transfer Flavoprotein (Bf-ETF)

Electron Transfer Flavoproteins (ETFs) are heterodimers, which canonically
possess a single FAD flavin in the head domain and an AMP binding site in the base
domain. Although many flavoproteins mediate electron transfer, 'ETF' refers to a group of
structurally similar enzymes, which nevertheless exhibit very different functions,
depending on the organism in which they reside. Mitochondrial ETFs in eukaryotes, for
example, have been well-studied as important enzymes in respiration, namely for lipid and
amino acid catabolism.32-34 A second group of ETFs is found in diazatrophic bacteria and
is involved in nitrogen fixation; in the context of diazotrophs, they contain subunits FixA
and FixB, corresponding to ETFβ and ETFα, respectively. These ETFs contain an
additional FAD cofactor instead of the AMP in the base domain. The additional FAD in
ETFβ (ET-FAD) correlates with ability to mediate electron bifurcation and is therefore
known as the bifurcating FAD (Bf-FAD). The typical mechanism requires initial reduction
by NADH followed by electron bifurcation at the Bf-FAD that eventually contributes one
electron to reduction of a dehydrogenase and the other to reduction of ferredoxin (Figure
3.1). This subset of ETFs are, therefore, termed bifurcating ETFs (Bf-ETF).
Rhodopseudomonas palustris (R. pal) is a diazotrophic bacterium, whose Bf-ETF
is thought to associate with two additional subunits to form a complex composed of

We expect to publish this chapter as part of a paper, in preparation, in collaboration with
N. Mohamed-Raseek, who executed the experiments.
2
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FixABCX. The homologous complex from Azotobacter vinelandii was recently discovered
to possess the ability to bifurcate electrons.30 Catalysis is initiated by reduction of the BfFAD via hydride transfer from NADH. The Bf-FAD, then, transfers one electron to ETFAD which in turn reduces the flavin in FixC. FixC accumulates two electrons in two
successive bifurcation reactions, then transfers the pair to coenzyme Q (E°’ = +10 mV).30
The Bf-FAD dispatches its other electron to the Fe4S4 cluster in FixX, which passes it to
ferredoxin (E°' = -405 mV)15 or flavodoxin semiquinone (E°’ = -460 mV).30 Coupling the
more favorable reduction of FixC to the endergonic reduction of FixX allows the combined
reaction to occur spontaneously (Figure 3.1). This mechanism also relies on the
requirements, outlined in Chapter 1, with the crossed midpoint potentials of the Bf-FAD
and subsequently the up/down energy landscape, both of which have been shown to exist.30
Since the focus of our study is on the electron bifurcation process, the experiments were
performed using EtfAB heterodimer without inclusion of the membrane-bound EtfC
protein or EtfX. Nevertheless, even the ETF system presents a challenge for deconvolution
because the system contains two flavins with almost identical spectra, but whose behaviors
we would like to characterize individually.

3.1.2 Flavin Modification: 8-formyl FAD
Augustin et al recently discovered a spontaneous modification of the FAD flavin in
human ETF (hETF).35 Using UV-vis absorption spectrophotometry to characterize mutants
of hETF, they demonstrated oxidation of the 8 methyl group on the isoalloxazine to a
formyl group, yielding 8-formyl-FAD or 8f-FAD (Figure 3.2). This modification has been
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shown to be accelerated by high pH and positively charged amino acid residues around the
FAD cofactor. It also preferentially occurs in the open conformation of the ETF.35-38
The spectrum of 8f-FAD was reported to have an absorption maximum around 460
nm corresponding to Band I versus the maximum at 450 nm of FAD. 8f-FAD also displays
a maximum near 360 nm corresponding to Band II, whereas FAD displays Band II with an
absorption maximum near 350 nm.30,37 Thus, the software must handle additional species
whose contributions to spectra need to be resolved.

3.1.3

Mechanistic and Structural Insights in Diflavin System

As previously stated, the major challenges in studying diflavin systems include the
overlap between the two flavins’ absorption spectra that can obscure the distinctions
between the spectrum of the individual flavins. Even subtle differences can inform on the
flavins’ microenvironments and thus the determinants of their different reactivities.39-41
Both the different oxidation states possible and the effects of the microenvironment have
been addressed in the initial analysis performed by the program (Chapter 2); however, an
additional challenge presents itself in the Bf-ETF: two flavins.
Whereas the ET-FAD undergoes two 1-electron transfers to attain the ASQ and
subsequently HQ states in a reductive titration, Bf-FAD initially remains oxidized.42,43
Then, Bf-FAD undergoes 2-electron reduction from Ox directly to HQ (Figure 3.1).
Differentiating each flavin’s redox states throughout the titration gives important insight
into structural components such as polarity of the local environment and protonation state,
since the flavin absorption spectra change with redox state and microenvironment.
Therefore, the developed method must be malleable enough to not only elucidate the redox
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state of flavin but be able to separate the contributions of the two flavins without prior
knowledge of each of their spectrum. Furthermore, the analysis may be applied to isolate
the contributions of each flavin even in the fully oxidized species, when their spectra are
most similar.

3.2

Methods
3.2.1

NADH Titration of WT Bf-ETF at pH 8

The full method of equilibrium titration of WT EtfAB has been described by Duan et al
(2018).42
3.2.2

Isolating Contributions from Each Flavin in BfOX/ETOX

An initial analysis to deduce the redox spectra was performed, as described in
Chapter 2. Since the Bf-FAD remains oxidized in the first two phases of reduction, while
ET-FAD changes from OxàASQàHQ,43 the changes are attributable to reduction of the
ET-FAD alone; therefore, we can isolate the ETOX spectrum as the one that changes. At
the conclusion of the titration, the HQ/HQ spectrum formed contains equal contributions
from both flavins and is the state where the optical spectrum is weakest at the longer
wavelengths where the Ox signature is strongest; therefore, the HQ/HQ spectrum was
divided by 2 to approximate the contribution from a single FADHQ with the smallest
magnitude errors (Equation 3.1). The spectrum of the starting BfOX /ETOX state minus that
of BfOX /ETHQ gives the difference spectrum of ET-FADOX - ET-FADHQ, so adding in
FADHQ gives the deduced contribution of ET-FADOX (Equation 3.2). The deduced ETFADOX spectrum is then subtracted from the BfOX/ETOX spectrum to deduce the spectrum
Bf-FADOX alone (Equation 3.3).
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Equation 3.1

'

(Bf01 / ET01 ) − CBf01 / ET23 D + HQ ()*+,-./ = ET01

Equation 3.2

(Bf01 / ET01 ) − ET01 = Bf01

Equation 3.3

3.2.3

≈ HQ ()*+,-./

Deducing 8f-FAD Spectra and Subsequent Modification

The expression systems for both WT and R273A EtfAB are described in MohamedRaseek et al (2019).43 250 μL of 151.1 μM WT and 200 μL of 346.2 μM R273A were
degassed for 15 minutes and placed, under darkness, in the belle box at 30 °C. Samples
were collected at different times between 0-216 hours for WT and 0-384 hours for R273A.
At each time point, collected protein was heat denatured and removed by centrifugation.
The optical spectrum of the released flavin, dissolved in the pH 9.0 supernatant, was
collected. Deduced spectra of both WT and R273A were obtained, using the same method,
described in Chapter 2.
The spectrum of the product formed was deduced by calculating the difference
spectrum (ΔA = FADfinal – FADinitial) and adding the spectrum of flavin before reaction
scaled by the fraction that reacted (f), via the following equation:

Equation 3.4

A45*/67- = ∆A + (f ∗ FAD( ), where f =

[9:;]#$%&'$( (>)
[9:;])*'%+ (>)

The value for fraction of reacted flavin, f, was obtained empirically using Equation
3.4 to calculate candidate spectra for the product and finding the maximum value of f value
which did not produce negative absorbance values. This value is therefore an upper limit
for the amount of flavin that undergoes modification.
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3.3

Results and Discussion
3.3.1

WT Titration with NADH

A step-wise reduction of wild type (WT) enzyme by its physiological reductant,
NADH, was performed to obtain optical spectra of each redox species for both flavins
present. The series of spectra for WT NADH titration shows a stepwise increase at longer
wavelengths around 800 nm, which could be indicative of precipitation; therefore, a
baseline correction was performed to account for this before performing the analysis,
outlined in Chapter 2. The current case is more complicated than the analysis of flavodoxin,
as we have three phases instead of two. The full data set (Figure 3.3) shows an initial
increased absorbance at 375 nm and associated diminution at 450 nm corresponding to 1electron reduction to ETASQ presence of ASQ rather than NSQ, where the NSQ’s
characteristic broad band between 500-600 nm is absent. A subsequent decrease at 375 nm
occurs upon reduction with the second electron from ETASQ à ETHQ. Both peaks at these
wavelengths form into the final HQ/HQ spectrum as the Bf-FAD undergoes two-electron
reduction from OX/HQ. The spectrum shows the hydroquinone species sees a
proportionally similar increased absorbance from Ox (0.4 AU) to HQ (1.0 AU). Together,
these indicate the analysis using the three-phase method confirms the scheme in Figure
3.1B and agrees with similar equilibrium titrations.44 Furthermore, a small yet persistent
shoulder around 415 nm suggests the presence of 8f-FAD anionic semiquinone, similar to
that which is reported by Augistin et al.35
Following these wavelengths and iterating the protocol, described in Chapter 2, the
fractions of the redox transitions represented by the linear regimes were calculated and
used to extract a deduced spectrum for each species participating (Figure 3.4). The deduced
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spectra display the same isosbestic at 500 nm as observed in the full data set, providing
confidence that the analysis is correct and the spectra it yielded are reliable.
Additionally, a major goal from the analysis was to determine the individual OX
spectra for each of the Bf- and ET-FAD. Previous work has described the effect of flavins’
microenvironments (namely polarity40,41 and aromatic residues39) on their shapes;
therefore, we expect each flavin to differ from free flavin (Figure 1.3). Using the analysis,
described in Section 3.2.2, we were able to approximate the contributions to the BfOX/ETOX
species of both flavins (Figure 3.5B). The approximation relies on both BfHQ and ETHQ to
contribute equally to the HQ/HQ spectrum. This approximation is most significant at lower
wavelengths, as that is where the HQ/HQ pair has greatest absorbance. Because of this, the
calculated isolated HQ spectrum was scaled by a factor of 0.57 to indicate less than total
conversion to the fully reduced species (Figure 3.5A). Interestingly, ET and Bf flavins
obtained different shapes, not dissimilar to those from a recent article from Buckel and
colleagues.45
An additional separation of Bf and ET flavins was performed by simple subtraction
of the isolated ET flavin from the WT spectrum, both at pH 8 (Figure 3.5C). It should be
noted that the isolated ET spectrum was obtained from a variant protein that lacks flavin in
the Bf site (T94/97A from Raseek et al, 2018).43 The mutants occur at the interface of
domains I and III, as the Thr94 and Thr97 to Ala perturbs binding of a single flavin,
determined to be the Bf-FAD. Although the electrostatic interactions remain intact, due to
the ET-FAD and Bf-FAD residing in different domains, changes in the E°’ between WT
and T94/97A mutant suggests changes in the microenvironment (i.e. absence of nearby
phosphate and lack of possible charge-transfer species) prohibits the mutant from
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adequately translating to multiple structures. It does, however, provide experimental data
against which to compare our deduced spectra.
Comparing the deduced spectra from Figure 3.5B and other studies indicates the
approximation of equal contributions from both flavins to the HQ/HQ spectrum may not
be completely valid. The bump around 415 nm, present in both our HQ/HQ (Figure 3.4)
and Buckel’s isolated ET-FAD spectra, are indicative of residual anionic semiquinone of
8f-FAD; therefore, the less intense trough between Bands I and II than is expected for
unmodified flavin in the deduced ET-FAD may be from 8f-FADASQ presence. Adding this
as in Equation 3.2 is therefore only appropriate for ET-flavin since only the ET site is
believed to be subject to modification. However, the full amplitude of this feature, not half
of it, should be added, since it is not believed to stem from the flavin in the Bf site. Addition
of this feature only with the scaling of 0.5 can explain a deeper trough between Bands I
and II in our deduced spectrum of ETOX (Figure 3.5B). A second corollary to possible
retention of some ET-FAD in the semiquinone is that less would be in the HQ state, so
addition of a full 0.5 HQ signature would be too much and would manifest by too much
intensity at short wavelengths (Figure 3.5A).
Furthermore, Sato et al 46 shows the Bf-FAD with λmax around 345 and 460 nm,
whereas the ET-FAD’s λmax at 400 and 475 nm. Our deduced spectra show both flavin’s
Band II λmax at 384 nm. Though this is similar to Buckel and colleagues’ isolated spectra,
using the mutant ET-FAD in Figure 3.5A shows the blue-shifted Band II in Bf-FAD,
similar to Sato (Table 3.2). This discrepancy is likely due to the HQ/HQ spectrum having
greater absorbances at lower wavelengths (300-450 nm) resulting in a greater impact on
the calculations in this area. Thus, further development—such as accounting for the greater
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slope of HQ at shorter wavelengths—is required before additional insights can be
determined.
3.3.2

8f-FAD Formation and Subsequent Modification

Notably, our WT spectra (Figure 3.2) display some absorbance between 500-650
nm in fully oxidized EtfAB and a shoulder near 415 nm. Together, these suggest presence
of an 8-formyl FAD (8f-FAD) ASQ.35 Though its genesis remains an area of active
investigation, 8f-FAD has been shown to grow over time, especially in alkaline solutions.3638

To test the hypothesis that the modified flavin that accumulates in our ETF is 8fFAD, and to examine the course of the progression, fully oxidized enzyme was kept in
darkness at room temperature and allowed to accumulate the modified FAD. This accrual
was compared for WT and R273A ETF to assess the effect of the flavin’s
microenvironment on this species’ formation. Essentially, we sought to see if the mutant
yields the same amount of modification and on a similar time scale.
For both samples, looking at flavin released from the protein, a modified flavin
gains amplitude around 524 nm at the expense of the spectrum of authentic flavin. It’s clear
from the spectral change over time that the R273A mutant accumulated far less modified
FAD over several days, compared to WT (Figure 3.6). In fact, the R273A was left for 384
hours, while the last WT sample was removed at 216 hours, and the R273A mutant still
only accumulated the modification in a fraction of the population (Figure 3.7). Therefore,
the question arises whether the mutant is on track to modify the same population of flavin
at infinite time, and whether the modification occurs by a similar mechanism. Using the
analysis as described above, the deduced spectrum of the modified flavin was calculated,
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for comparison with the published spectrum of 8f-FAD as we sought to test the identity of
the modification.
Our analysis yielded a deduced spectrum with a unique band peaking at 524 nm
(Figure 3.8). One expects to see the Bands I and II that characterize most flavins, yet the
normal flavin spectrum seems to completely disappear upon extrapolating a final deduced
product spectrum and subtracting a population of unmodified flavin corresponding to
approximately 1 flavin per ETF (f = 0.531). The deduced spectrum displays minimal
absorbance remaining between 300-450 nm and the 524 nm peak reaches a maximum
around 0.203 and 0.072 AU (Absorbance Units) for WT and R273A, respectively (Figure
3.8). In contrast, the spectrum of oxidized 8f-FAD maintains absorbance in 300-450 nm
range with a blue shifted Band II, compared to unmodified FAD.35 With the absence of
either Band I or II, it’s clear from this deduced spectrum that the final product of the
reaction is a modification different from formation of 8f-FAD.
A similar spectrum characterizes 8-amino flavin.47 Indeed, recent work from
Begley and colleagues shows that conversion of 8-formyl to an amino-FMN or AFMN is
spontaneous in solution (dimethyl amino flavin, termed “roseoflavin” for its pink tint). We
know that production of 8f-FAD, the proposed precursor to roseoflavin production, occurs
in our samples, based on formation of a signal characteristic of 8f-FAD anionic
semiquinone. However, the deduced 524 nm spectrum strongly resembles the
enzymatically formed roseoflavin (Figure 3.8), with the exception that our spectra retain
some absorbance between 310-450 nm. This preservation of absorbance in unmodified
FAD range is likely due to some unreacted 8f-FAD, affecting the calculations.
Furthermore, the buffer in which our ETF enzyme is contained is bis-TRIS propane buffer,
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which could be a supplier of an amine group. This provides a candidate source of an amine
group that could attach 8f-FAD to produce a roseoflavin-like product. Since a blue-shifted
Band II, typically seen in 8f-FAD production, isn’t seen, we can conclude the 8f-FAD
intermediate does not accumulate. This in turn suggests that formation of 8f-FAD must be
rate-limiting if it is an intermediate in this case.
Since the data only show evidence of a single rate limiting step, the data were fit to
a sequential kinetic model (Figure 3.9). After correcting for the different concentrations of
the WT and R273A samples, the growth at 524 nm from both WT and R273A was plotted
over time (Figure 3.10) and fitted with Equation 3.5, where C is amplitude due to modified
flavin at t = ∞ (Appendix 1). As C represents the final yield at 524 nm, the calculated
values were 0.192 AU for WT and 0.08 AU for R273A—similar to those calculated in the
deduced spectra (Figure 3.8).
Additionally, A in Equation 3.5B represents final yield of 372 nm is 0.135 and
0.242 for WT and R273A, respectively. Furthermore, rate constants were extrapolated from
this fit for diminution of 372 nm (indicative of unmodified flavin) and growth of 524 nm
(i.e. modified flavin). These rate constants are similar within WT (k372 = 0.042 and k524 =
0.045 hr-1) and R273A (k372 = 0.005 and k524 = 0.006 hr-1), which coincides with the
hypothesis that FAD goes to some modification via a single rate limiting step.

Equation 3.5 A

𝐴@'A (𝑡) = 𝐶(1 − 𝑒 BCD )

Equation 3.5 B

𝐴EF' (𝑡) = 𝐴 + 𝐵𝑒 BCD
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Although the fit to a sequential kinetic model fits both WT and R273A with
marginal error, a single step does not account for the drastically reduced yield seen in the
mutant; therefore, we propose a branched model with a second irreversible step may be
applicable (Figure 3.9, Equation 3.6). Since the WT data still fit the single-step model, it
may be that the second branched step (k2) is so much lower than the first (k1) that it becomes
nearly infinitesimal.

C,

𝐴HIJK C1 − 𝑒 B(C, GC- )D D

Equation 3.6A

𝐴@'A (𝑡) = C

Equation 3.6B

𝐴EF' (𝑡) = 𝐶 + 𝐴ILMN 𝑒 B(C, GC- )D

, GC-

Using the branched model and Equation 3.6, the apparent rate constants (k1+k2)
were similar to the sequential kinetic model (Table 3.4). Furthermore, using the absorbance
of reactive flavin (AbsrFAD), we were able to obtain rates for both k1 and k2 in R273A.
These rate constants for both unreactive flavin and modification saw k2 nearly twice that
of k1. These deduced rate constants account for only approximately 20% yield, seen in the
mutant, validating the branched model as the proposed method of modification.
Furthermore, the absorbance associated with reactive flavin was used with the final
absorbance to calculate f, resulting in 0.535 and 0.160 for WT and R273A, respectively.
These fractions of reactive flavin are similar to those calculated from the deduced
spectrum, further validating this model.
Fitting the data to the kinetic models (Figure 3.9) indicates the WT ETF reaches a
near endpoint at 216 hours. Calculation of f through both the deduced product spectrum
and fit to the kinetic model gives a value around 0.53, which suggests only a single flavin
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undergoes modification. These are consistent with almost complete conversion of one of
the two flavins. It is interesting to note that the quantity of the modified flavin does indeed
approach this value asymptotically. Thus, extrapolation of the time course to infinite time
does not predict full modification of both flavins, only one (Figure 3.8).
Based on the fact that canonical ETFs have also been reported to form 8f-FAD,35
and in their case only the ET site is populated, we propose that in R. pal ETF also, it is the
ET-FAD that becomes modified, and therefore that the Bf-FAD remains unmodified. This
distinction illustrates again the significance of the different microenvironments
surrounding these two chemically identical flavins.
Supporting the interpretation that the flavin subject to modification is the one in the
ET site, the R273A substitution—located near the ET-FAD—only formed minimal
modification, compared to WT, with a value of 0.17 for f. It should be noted that the value
of f calculated by the deduced spectrum in Figure 3.7 stems from calculating a final
spectrum from data that are not fully asymptotic and therefore has some error associated
with it, albeit minimal. It is, however, validated by a similar value, obtained from the
kinetic fit, noted in Table 3.4 (f = 0.160). As only the ET-FAD site is altered in this mutant
and a significant reduction in modification is seen, we can suggest the ET flavin is the
single flavin being altered. In that, the absence of a nearby positive charge in the mutant
appears significant for the modification to occur.
It’s been suggested that nearby positive charges are important for stabilizing 8fFAD production;36-38,48 therefore, removal of this stabilizing factor not only lowers the
amount of flavin able to react (described by the significantly decreased f value) but also
the hampered rate (k) in R273A, compared to WT. If 8f-FAD is an intermediate that must
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form before an aminoflavin, removal of this positive charge could destabilize the
intermediate and thereby hinder the aminoflavin’s production. Alternatively, the proposed
branched mechanism could be a consequence of a conformational change, since there are
no spectral signatures of an additional species in the released flavin. Therefore, the R273A
mutant could hinder both the enzymes’ ability to undergo a conformational change and
formation of 8f-FAD, which would synergistically result in decreased yield and apparent
rate of formation for the modification.
Combined, these calculations show a distinct difference between WT and R273A
mutant’s ability to undergo modification and agree with previously reported examination
of 8f-FAD. In conjunction with the kinetic analysis, we can hypothesize that the flavin
undergoes an initial oxidation to 8f-FAD and a subsequent fast step to an aminoflavin or
similar derivative.

3.4

Conclusions
Using the program, outlined in Chapter 2, we’ve gained the ability to deconvolute

optical spectra from not only single-flavin but diflavin systems as well. In doing so, we’ve
gained capabilities for approximating spectral changes associated with individual flavins.
The resulting spectra of individual flavin OX species, albeit prone to errors, shows promise
towards a program that will be able to confidently deconvolute the oxidized spectrum of
ET- and Bf-FAD. Future improvements to the program will be able to better approximate
the HQ/HQ species’ contributions from each flavin in the system, taking into account the
increased error at shorter wavelengths, where the HQ species has its highest absorbance.
The versatility of the analysis has also been shown in how it gives the option to
perform similar calculations on a number of different types of spectra. Namely, we’ve
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shown how we can use this program to analyze flavin modification, ruling out 8f-flavin as
the final product but suggesting instead a compound related to roseoflavin on the basis of
the spectra deduced. Calculating f suggests a single FAD is undergoing modification in the
WT ETF, similar to the mechanism found in other ETFs. However the finding for R273A
depicts much less than a single flavin undergoes modification (f = 0.16), further indicating
the importance of the nearby positive charge on stabilizing the 8f-FAD intermediate,
required for final modification. We see a stark difference in apparent rate constants and
yields, comparing WT and R273A, suggesting the presence of a branched kinetic model.
This could be due to a required conformational change that is hampered in R273A
mutant. Partial proteolysis or native gels may be used, which could elucidate the presence
of a conformational change during this process. Since hETF was shown to undergo
oxidation to 8f-FAD preferential to the open conformation, a hypothesis would be the WT
ETF may be present in both an open and closed state, while R273A may be partial to the
closed conformation, inhibiting its ability to undergo modification at the same yield or
timescale as WT.
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Figure 3.1: (A) Energy landscape of R.pal ETF (FixABCX). Note bifurcation occurs
subsequent to initial hydride transfer from NADH, with single electron transfers to FixX
and FixB. (B) General sequence of reductions of ET and Bf flavins in Bf-ETF, as ET-FAD
undergoes two 1-electron reductions in Phases 1 and 2, while Bf-FAD undergoes a single
2-electron reduction in Phase 3.
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Figure 3.2: Isoalloxazine ring from unmodified FAD flavin, 8-formyl FAD flavin (8fFAD), and aminoflavin, where the modification occurs at C8 position. The R groups can
be two hydrogens (“Amino-Flavin”) or methyl groups (“Roseoflavin”).
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Figure 3.3: Spectra of WT EtfAB at pH 8 in the course of reductive titration by NADH.
The decrease at ~450 nm and increase at ~375 nm are indicative of the reduction from
OXàASQ. Subsequent continued decrease at 450 with decrease at 375 nm as well
represents the ASQ à HQ transition. Data are courtesy of H.D. Duan.

39

Figure 3.4: Deduced spectra of different oxidation states of WT R.pal ETF formed in the
course of titration with NADH, and the calculated maximal populations accumulated at the
junctures between Phases. Incremental increase in absorbance between 800-820 nm in the
full spectra (above) is suggestive of precipitation; therefore, a baseline correction was
performed prior to the analysis.
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Table 3.1: Calculated percent transition for each of the three phase model, using the method
described in Chapter 2. These were used to calculate the deduced spectra in Figure 3.4.
BfOX / ETOX → BfOX / ETASQ

BfOX / ETASQ → BfOX / ETHQ

BfOX / ETHQ → BfHQ / ETHQ

0.76

0.81

0.86

76%

81%

86%
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Table 3.2: Comparison of λmax for Bands 1 and 2 from our experiments and calculations to
those found in the literature.
Bf-FAD
ET-FAD
Band I λmax
Band II
Band I λmax
Band II
Us (Calculated)
450
384
384
350
Us (Experimental)
452
395
452
375
46
Sato
460
345
475
400
45
Buckel
450
375
450
380
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A

B

C

Figure 3.5: Deduced contributions from ETOX and BfOX, calculated through the analysis
described in Section 3.2.2 using a scaling factor of 0.57 (A) and 0.5 (B) and using the
T94:97A mutant for isolated ETOX spectrum and subtraction from WT Ox/Ox to obtain
BfOX (C). The BfOX / ETOX spectrum is the initial spectrum from the full WT data set. Data
from the T94:97A mutant are courtesy of N. Mohamed-Raseek.43
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Band II

B

Band I

Band II

Figure 3.6: Full spectra of released flavin over time (hours, as indicated in the legend). (A)
12.08 μM flavin from WT EtfAB. Increase in absorption around 600 nm is indicative of
precipitate. (B) 8.66 μM from R273A mutant. Both were left under darkness in anaerobic
conditions at 30 °C. Both datasets are courtesy of N. Mohamed-Raseek.
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A

B

Figure 3.7: WT (A) and R273A (B) released flavin spectra after baseline correction and
application of Fast Fourier Transform filter to remove high-frequency contributions for
initial and modified flavin.
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A

B

Figure 3.8: Deduced spectra of 524 nm species for WT (A) and R273A (B). The equation
ΔA + (f * FADi) was used to produce the deduced spectra, using f = 0.513 and 0.175 for
WT and R273A, respectively.
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M

F

M
F
M’
Figure 3.9: Kinetic model of hypothesized sequential (top) and alternative branched
(bottom) schemes. Since the spectra show no evidence of an additional modification to the
released flavin, M’ denotes a possible conformational change or similar structure to
modification, M.
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Figure 3.10: Kinetic analysis of 524 nm modification over time, comparing WT (Top) and
R273A (Bottom). The concentrations were corrected for direct comparison. The rate
constants (k) and yield of modification at t = ∞ (C) were obtained by fitting the data to
A524(t) = C*(1-e-kt) and A372(t) = A + B*e-kt.
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Table 3.3: Values obtained from the fit to the sequential kinetic model. Values in black
were directly obtained from the fit, while values in blue were calculated secondarily.
Values of f and C were used to calculate [rFAD], which is the concentration in μM of
reactive flavin of the total [FAD] of 12.08 μM.
k372 (hr-1)

k524 (hr-1)

C (A524(∞))

f

[rFAD] (μM)

WT

0.042 ± 8.6e-4

0.045 ± 1.0e-3

0.192 ± 5.9e-4

0.531

6.19

R273A

0.005 ± 5.4e-4

0.006 ± 2.6e-4

0.08 ± 1.7e-3

0.175

2.58
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Table 3.4: Values obtained from the fit to the competitive or branched kinetic model. Black
values denote those obtained from the fit, while blue values were obtained secondarily—
calculated as outlined Appendix 2. kapp is (k1 + k2), as per the derived equations.
372 nm

524 nm

kapp

Aprod
(t=(∞))

ArFAD
(t=0)

k1
(hr-1)

k2
(hr-1)

f
(rFAD)

kapp

Aprod
(t=(∞))

k1
(hr-1)

k2
(hr-1)

WT

0.042 ±
7.8e-4

0.135 ±
2.3e-4

0.15 ±
1.9e-3

0.042

--

0.535

0.045 ±
5.3e-4

0.192 ±
2.4e-4

0.045

--

R273A

0.005 ±
1.2e-4

0.242 ±
3.94e-4

0.045±
3.5e-4

0.0015

0.0036

0.160

0.006 ±
7.98e-5

0.088 ±
4.3e-4

0.00192

0.00408
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CHAPTER 4. DYNAMICS AND POTENTIAL CONFORMATIONAL GATING IN
R. PALUSTRIS BF-ETF3
4.1

Dynamics and Catalysis
The relationship between an enzyme’s catalytic function and its dynamics is at the

forefront of many current enzymological studies. Conformational changes are appreciated
as important physiological mechanisms for controlling enzymes' activities.49-52 In the cases
of flavin-containing oxidoreductases control over catalytic activity involves altering
transfers of single electrons yet has consequences for extended downstream biological
processes. It may be no coincidence that these enzymes are seen to undergo relatively
large domain movements coinciding with their redox reactions— “conformational
gating”.49
Conformational gating is seen in a number of diflavin oxidoreductases, including
cytochrome P450 reductase (CPR). Crystal structures of CPR have shown both an open
and a closed conformation. These are distinguished by the distance separating the flavin
in one domain from the flavin in the other.53,54 A number of spectroscopic and kinetic
studies revealed that efficient electron transfer (ET) between the flavins required
occurrence of a conformational change to the closed conformer, as well as subsequent
adoption of the open conformer for interprotein ET and completion of catalytic
turnover.55,56 Recent investigations have suggested that binding of the co-substrate
NADPH/NADP+ as well as flavin redox state may be coupled to the conformational
change, likely by electrostatic interactions with nearby charged amino acids (i.e. Asp632loop).57,58

3

Data from the equilibrium titration, presented in this chapter, are courtesy of H.D. Duan67
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Conformational gating has also been shown to control the electron bifurcation
process in cytochrome bc1.59 Crystal structures of Cyt bc1 and its substrate showed varied
distances between the flavin and the heme of cyt c. Further investigations hindering or
inhibiting dynamics suggested that a conformational change is necessary to bridge the 27Å
gap between the cofactors engaging in electron transfer.60,61 It’s been suggested that the
conformational change is not a requirement nor exclusively sufficient for bifurcation to
occur. 19,62 Instead, the conformations are a way for the enzyme to control its catalysis.
Similar to CPR and cytochrome bc1, bifurcating electron transfer flavoprotein (BfETF) has long been known to undergo conformational change. This could be coupled to
co-substrate NADH binding, partner protein binding and/or flavin redox state.
Crystallographic studies of ETFs suggest at least an 80 degree turn between two
conformations.63-66 These two conformations are termed “D” for the open conformation,
due to the associated binding of the partner dehydrogenase, and “B” for the closed
conformation, for when the flavins are in close contact for bifurcation to occur. Recent
investigations show binding of the partner protein was necessary for complete conversion
to the fully reduced state in some ETFs;18 therefore, a similar mechanism can be proposed
in which binding of the partner protein to R.pal ETF drives a conformational change to the
D conformer and makes complete reduction possible.
Recent evidence in Dr. Miller’s lab has suggested that a band at 726 nm rises with
the ET-FAD reduction and falls with reduction of the Bf-FAD. Spectroscopic evidence
suggested that the 726 nm band is a result of interactions between the two flavins.67 These
studies hint that the charge transfer species in the 726 nm region could be indicative of πstacking interactions between the two flavins, brought together by conformational change.
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It’s been shown that the environment surrounding a flavin has a significant effect
on the optical spectrum of the flavin as well as its catalytic activity.24 Since the two vary
together, there is reason to believe that spectral features can correlate with elements of
reactivity, and thus that knowledge of the optical signature can inform on activity. Thus,
attaining an effective and simple method for deconvoluting the overlapping spectra of the
flavins in Bf-ETF may give insight into the effects of pH and key mutations. In the case
of Bf-ETF, such an analysis, streamlined by an unbiased reproducible program, gives the
ability to separate the spectra informing on individual redox couples. The method can
further be applied to investigating the 726 nm species and its relation to other states of the
enzyme and with enzyme conformations.

4.2

Methods
4.2.1

Partial Proteolysis

Expression and purification of R. pal EtfS and EtfL (FixAB) was performed as per
Raseek et al 2019.43 After purification, protein underwent gel filtration using 10-DG
desalting column (BioRad) to transfer to the working buffer, containing 20 mM Bis-TRIS
propane at pH 8, 200 mM KCl, and 10% w/v glycerol.
A stock solution of 1μM trypsin was made using a Bis-TRIS propane buffer at pH
8—in which the same buffer the protein is stored. 20 μL of 37.6 μM purified enzyme were
aliquoted into centrifuge tubes. 20 μL of loading buffer were aliquoted into separate
centrifuge tubes. All aliquots were placed in a glove box (Belle Box Technology) to
perform proteolysis under an inert atmosphere.
For proteolysis of the oxidized enzyme, 80 μL of 1μM trypsin stock were added to
each 5 μL aliquot of oxidized enzyme. 20 μL samples were taken out at 0, 5, 10, 15, 20,
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and 25 minute time stamps. Once the samples were removed, they were added to the 20 μL
aliquot of loading buffer. The SDS in the loading buffer has been shown to quench the
trypsin digestion thereby ensuring the integrity of the experiment. Once all samples were
collected, they were removed from the Belle Box and immediately heated to 90 °C, spun
down at 4500 RPM for 2 minutes, and run on a 12.5 % SDS-PAGE gel.
For proteolysis of the reduced enzyme, the experiment was set up and run as per
the oxidized species except for the reduction of the Bf-ETF with sodium dithionite (NaDT).
Reduction was monitored using a HP 8452 spectrophotometer (Agilent technologies) and
a 1 cm path length quartz cuvette at room temperature. Excess NaDT (2 uL from 1 mg/mL
stock) was added to protein for full reduction. The resulting spectrum and the colorless
appearance both indicated full reduction.
Both gels were analyzed using ImageJ program, which gave relative intensities of
the EtfL band. These values were proportioned so that t=0 is 1.0 and the changes in relative
intensity were plotted for each step.

4.2.2

WT Titration at pH 9

Reductive titration of WT R.pal ETF (68.7 μM) was performed as per Duan et al.67
The titration was done with sodium dithionite at pH 9 in bis-Tris propane buffer.

4.3

Results and Discussion
4.3.1

Evidence of Conformational Change in Bf-ETF via Partial Proteolysis
Partial proteolysis is a biochemical assay, used to study possible dynamic

and conformational changes in proteins.68 A protease is used to cleave the protein at
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specific amino acids. Thus, the choice of protease can be tailored to the enzyme, depending
on its amino acid content and exposure. For Bf-ETF, trypsin was used to cleave after the
carboxyl groups of lysine and arginine residues. By comparing the results of digesting ETF
in different states, we sought to identify portions of the protein that experience significant
changes in exposure in the oxidized vs. reduced states. The results can ultimately be related
to predictions of susceptibility for each of the known conformations, to test the hypothesis
that reduction of the ET-FAD is associated with formation of the 'D' conformation (Figure
4.1).69-70 Upon reduction and thereby opening, the head domain (ETFα) shifts by
approximately 80 degrees, thereby burying otherwise exposed Arg and Lys residues,
predicted by the given models.
The SDS-PAGE analysis of the digested-while-oxidized enzyme digestion showed
an incremental decrease in band intensity for the EtfL subunit at successive time points.
The EtfS subunit seemed to remain intact or with minimal change throughout the interval
monitored, likely due to less solvent exposure of trypsin cleavage sites compared to that
of the large subunit (Figure 4.2).
A different result was obtained when proteolysis was conducted on the reduced
state of the ETF. Analysis of the SDS-PAGE shows the relative intensities remain fairly
constant, within standard error, of both subunits. Thus, partial proteolysis reveals that
flavin oxidation state change is associated with changes on the scale of protein solvent
exposure, and thus conformation. This tool therefore provides an assay we can use to learn
what other elements of catalysis may drive conformation change. In conjunction with mass
spectrometry, it can also provide insight into the nature of conformational change coupled
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to flavin redox states in R. pal ETF. Further investigations are planned to elucidate whether
the redox states are truly coupled to the enzyme’s conformation.

4.3.2

Deconvolution of 726 nm Species

To learn which oxidation states of which flavins are associated with the 726
nm band, WT FixAB at pH 9 was titrated with sodium dithionite to generate a large
amplitude 726 nm band. The full spectra (Figure 4.3) show a significant increase in 726
nm species as the ET-FAD is reduced. As the reduction continues to the fully reduced BfHQ
/ ETHQ couple, 726 nm peak drops back down to ~0 AU. Using the method demonstrated
in Chapters 2 and 3, the deconvolved spectra were calculated and plotted (Figure 4.4),
showing that the extinction coefficient at 726 nm is highest in the presence of the
BfOX/ETHQ species. Note the significant difference between the equilibrium titrations of
WT EtfAB at pH 8 with NADH (Figure 3.4) compared to at pH 9 with sodium dithionite
(Figure 4.4). The higher pH and stronger reductant (NADH E°’ = -0.330 V; NaDT E°’ = 0.660 V vs NHE), shown in Figure 4.4, result in a greater amplitude of 726 nm species,
suggesting nearby charged residues may stabilize the electron bifurcation.
To further isolate the spectrum of the 726 nm species, another deconvolution was
performed, plotting the extinction coefficients at 378 nm against 726 nm (Figure 4.5).
Since the 378 nm peak increases only in phase 1 and decreases in phases 2 and 3, we’re
able to isolate the change associated with the 726 nm band formation. The resulting
deconvolved spectrum shows a clear difference between the maximum 726 band from the
full spectra and the deconvolved spectrum (Figure 3.6). Specifically, the deconvolved 726
species presents a much higher extinction coefficient and greater content of OX,
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determined based on peaks at 370 and 450 nm. This gives important insight for the user to
note only approximately 50% of maximum 726 nm species was seen. Therefore, future
experiments can be tailored to increase the amount of this species is present for later
determination of its identity.
The presented analysis has shown not only the noted ability to deconvolve flavin
redox states but also the applicability into more specific investigations and species whose
spectra are not known a-priori. In this case, the program displays its malleability through
the expressed ability to deconvolve the 726 nm species of the WT spectrum. This
versatility is key for future experiments to identify the effect of mutations on this charge
transfer species, which will assuredly give some variation in the optical spectrum.

4.4

Conclusions
Partial proteolysis has shown that different redox states of the flavins are

associated with different protein conformations. This is the first time this has been
demonstrated. Stepwise proteolysis of the oxidized species contrasted with persistence of
undigested structure for the reduced state indicates there are more trypsin cleavage sites
accessible to the protease in the oxidized structure compared to the reduced one. This
observation a biochemical foundation for the possibility of coupled conformational change
to the flavin redox state. Future investigations, expounding on this, includes noting the
effect of reducing only the ET-FAD, while keeping the Bf-FAD oxidized. Since the 726
nm species is associated with this ETHQ / BfOX state, we could gain further insight into the
conformational state associated with the charge transfer species.
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Additionally, the program, established in Chapter 2, has been adapted to analyze
the full spectrum associated with the 726 nm species. Recent work has sought to show the
726 nm species is a result of a flavin dimer formed by way of a conformational change
gating mechanism in R.pal ETF. Therefore, we can see from the deduced spectrum that
we only see approximately 50% of maximal 726 nm species formation in the experimental
data. Future studies will be able to utilize this method to note the effect of mutants and pH
on 726 species formation. Since flavin spectra are known to vary in response to changes
in the microenvironment and pH, this program’s ability to account for variations in spectra
is important, as it will be used in further investigations, comparing the effects of mutating
nearby charged residues and different pHs on the creation of a flavin dimer and the
associated conformational change.
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Figure 4.1: Crystal structures from C. difficile where the closed conformation (left, PDB:
4KPU) is termed “B” for bifurcating, where the flavins are 18 Å apart. The open
conformation (right, PDB: 6FAH) is termed “D” for subsequent dehydrogenase contact,
and the flavins are 37 Å apart. Trypsin cleavage sites, at Arg and Lys, are highlighted in
green.
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Figure 4.2: Relative intensities of EtfL over time. Note the reduced ETF shows minimal
change, while oxidized ETF shows significant decrease from the initial to final sample.
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Figure 4.3: Equilibrium titration of WT EtfAB with sodium dithionite at pH 9.The data are
courtesy of H.D. Duan.67
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Figure 4.4: Deconvolved spectra of NaDT titration at pH 9. It's interesting to note the
significantly larger 726 nm species here, compared to at pH 8.
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Figure 4.5: Plotting the amplitudes at 378 nm, indicative of oxidized and anionicsemiquinone progression, against 724 nm. The phases, defined in Figure 3.1B, are defined
by the arrows, above. The intersection due to slopes defining Phases 2 and 3 suggests a
theoretical maximum at 33, which was used to calculate a deduced spectrum.
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Figure 4.6: Deduced 726 nm species, comparing maximum experimental 726 nm (blue)
and the calculated, deconvolved spectrum (black). The peak at 726 nm from the max
experimental is about 50% that of the calculated.
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APPENDIX 1. DERIVED EXPRESSION FOR SEQUENTIAL KINETIC MODEL

d[rFAD]
= −k[rFAD] where rFAD is flavin amenable to modification
dt
d[rFAD]
= −kdt
[rFAD]
ln[rFAD](t) − ln[rFAD](0) = −kt + 0 = −kt
[rFAD](t)
= eBO[rFAD](0)
[rFAD](t) = [rFAD](0) ∗ eBO-

Modified flavin [mFAD](t) = [rFAD](0) - [rFAD](t) = [rFAD](0)C1 − eBO- D
:.-/
P0123,.-/

=P

:/..
123,/..

𝑓C1 − eBO- D where f is the fraction of total FAD subject to reaction

Α@'A (t) =

AA@@ ∗ εQ9:;,@'A
𝑓C1 − eBO- D = CC1 − eBO- D where C
ε9:;,A@@
=

AA@@ ∗ εQ9:;,@'A
𝑓
ε9:;,A@@

lim Α@'A (t) = C

so C = A@'A (∞)

-→T

𝚨𝟓𝟐𝟒 (𝐭) = 𝐂C𝟏 − 𝐞B𝐤𝐭 D
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The reaction converts rFAD to mFAD. ΔA372 = AmFAD,372 - ArFAD,372
FAD: rFAD + nrFAD
A375(t) = ε375,FAD([rFAD](t) + [nrFAD]) + ε375,mFAD([mFAD](t))
= { ε375,FAD[rFAD](t) + ε375,mFAD([mFAD](t))}+ ε375,FAD[nrFAD]
= { ε375,FAD[𝑟𝐹𝐴𝐷](0) ∗ 𝑒 BCD + ε375,mFAD [rFAD](0)(1 − 𝑒 BCD )}+
ε375,FAD[nrFAD]
={ ε375,mFAD [rFAD](0) + [𝑟𝐹𝐴𝐷](0) ∗ 𝑒 BCD (ε375,FAD - ε375,mFAD)} +
ε375,FAD[nrFAD]
= ε375,mFAD [rFAD](0)+ ε375,FAD[nrFAD] + (ε375,FAD - ε375,mFAD) [𝑟𝐹𝐴𝐷](0) ∗ 𝑒 BCD
A375(t) = A + Be-kt

Where A= ε375,mFAD [rFAD](0)+ ε375,FAD([FAD]-[rFAD](0))
B = (ε375,FAD - ε375,mFAD)
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APPENDIX 2. DERIVED EXPRESSION FOR BRANCHED KINETIC MODEL

d[F]
= −(kZ + k ' ) [F] where F is flavin amenable to modification
dt
d[F]
= −(kZ + k ' )dt
[F]
ln[F](t) − ln[F](0) = −(kZ + k ' )t + 0 = −(kZ + k ' )t
[F](t)
= eB(O, GO- )[F](0)
[𝐅](𝐭) = [𝐅](𝟎) ∗ 𝐞B(𝐤 𝟏 G𝐤 𝟐 )𝐭

Modified flavin [mFAD](t) = [rF](0) - [rF](t) = [rF](0)C1 − eB(𝐤 𝟏 G𝐤 𝟐 )- D
K[
/-

= 𝑘Z [𝐹 ](𝑡) = 𝑘Z [rF](0)eB(𝐤 𝟏 G𝐤 𝟐 )BC,

M(t) = (C
M(t) =

lim Α@'A (t) = (C

-→T

, GC- )

[rF](0)eB(𝐤 𝟏 G𝐤 𝟐 )- − 1

𝑘Z
[rF](0)C1 − eB(𝐤 𝟏 G𝐤 𝟐 )- D
(𝑘Z + 𝑘' )

C,
, GC- )

𝚨𝟓𝟐𝟒 (𝐭) =

[rF](0)

so (C

C,
, GC- )

[rF](0) = A@'A (∞)

𝒌𝟏
[𝐫𝐅](𝟎)C𝟏 − 𝐞B(𝐤 𝟏 G𝐤 𝟐 )𝐭 D
(𝒌𝟏 + 𝒌𝟐 )
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ΔA372 = AmFAD,372 - ArFAD,372
FAD: rFAD + nrFAD

A375(t) = ε375,FAD([rFAD](t) + [nrFAD]) + ε375,mFAD([mFAD](t))
= { ε375,FAD[rFAD](t) + ε375,mFAD[mFAD](t)}+ ε375,FAD[nrFAD]
= { ε375,FAD[𝑟𝐹𝐴𝐷](0) ∗ 𝑒 &(𝐤 𝟏 #𝐤 𝟐 )* + ε375,mFAD [rFAD](0)P1 − 𝑒 &(𝐤 𝟏 #𝐤 𝟐 )* R}+
ε375,FAD[nrFAD]
={ ε375,mFAD [rFAD](0) + [𝑟𝐹𝐴𝐷](0) ∗ 𝑒 −(𝐤𝟏 +𝐤𝟐 )* (ε375,FAD - ε375,mFAD)} + ε375,FAD[nrFAD]
= ε375,mFAD [rFAD](0)+ ε375,FAD[nrFAD] + (ε375,FAD - ε375,mFAD) [𝑟𝐹𝐴𝐷](0) ∗ 𝑒 −(𝐤𝟏 +𝐤𝟐 )*

𝚨𝟑𝟕𝟓 (𝐭) = 𝐂 + 𝑨𝒓𝑭𝑨𝑫 𝒆B(𝐤 𝟏 G𝐤 𝟐 )𝒕
Where C= ε375,mFAD [rFAD](0)+ ε375,FAD([FAD]-[rFAD](0)) i.e. Absprod
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